This paper contributes to an understanding of the distances and choices involved in raw material procurement strategies by Upper Palaeolithic communities through a Pyrenean geo-archaeological case study. Methodologically, it involved using Particle Induced X-ray Emission (PIXE) with a focused proton beam to determine the concentration and distribution of elements in geological samples from three natural primary outcrops belonging to two geological formations outcropping in the French side of the Pyrenees. While it was not possible to distinguish the formation through reference to major and minor elements, some variations were revealed at the trace elemental level. With the aim to determine if these elements were associated with the Si matrix or to a specific inclusion, elemental maps were acquired, and the elemental composition of the identified inclusions were also determined. These chemical signatures were then compared to those generated from archaeological artefacts from sites in northern Spain as a means of reconstructing the catchment areas used by prehistoric groups for their chert procurement. The results indicate the existence of trans-Pyrenean long distance procurement strategies during the Magdalenian (13,700 to the 18,800 cal BP).
Introduction
Chert outcrops exploited as sources of tool-making raw materials are well-documented for the Palaeolithic communities of Europe (Duke and Steele 2010) . Their geological products have primarily been characterised at the macroscopic scale and based on textural and micropalaeontological descriptions. In those cases where a chert outcrop is well delimited geographically and macroscopically, there is the possibility of recognising its use archaeologically. Nevertheless, in other cases, cherts possess identical macroscopic and petrographic characteristics also when belonging to different geological formations. In these cases, geochemical methods must be employed to discriminate between them.
In this paper, we characterise the geological products of three chert outcrops in the Central Pyrenees. The Pyrenean mountain range is a mountain chain located in SouthWestern Europe and naturally dividing in the S-N axis the Iberian Peninsula from the rest of the continental Europe. It extends for almost 500 km from the Bay of Biscay to the Mediterranean Sea and today is the natural border dividing France and Spain. Archaeological works in the Pyrenean region, developed since the last century (Mangado et al. 2010a; Utrilla et al. 2010) have confirmed that this natural barrier was occupied, at least in the eastern margins, since the Lower Palaeolithic (Falguères et al. 2015; de Lumley et al. 2004) . Studies concerning the homogeneity between Cantabrian and Pyrenean rock art (Garate et al. 2015) , lithic techno-typological analyses (Langlais 2011; Langlais et al. 2016 ) and lithic raw material procurement (Sánchez de la Torre 2015) have also demonstrated that contacts between both Pyrenean slopes existed, at least, since the Upper Palaeolithic.
In the northern slopes of the Central Pyrenees, a marine chert type presenting parallels with cherts found in several archaeological sites outcrop: these are the Montgaillard flysch cherts and the Buala and Montsaunès cherts. This siliceous raw material appears in a few average but repeatedly in the Magdalenian levels of the three archaeological sites presented here and exposed later on.
The first formation is constituted by the Montgaillard flysch cherts. This silicification originates in the flysch limestones from the Turonian to the Santonian outcropping in primary position near Montgaillard town (Hautes-Pyrénées, France) and in secondary position near Hibarette, Bénac, Saint Martin and Visker (Hautes-Pyrénées, France), where lithic remains of ancient knapping were found (Barragué et al. 2001) . Cherts possess identical features in primary and secondary outcrops. Cortex are regulars, with variable thicknesses and colours from greys to browns with a high variability intrabloc. The micropalaeontological content is composed by sponge spicules and some small benthic foraminifera. In thin sections, a criptoquartz mosaic is the main texture. In few, average length-fast chalcedony is identified. Siliceous sponge spicules are also observed. Carbonated elements are constituted by micrite and some skeletal bioclastic elements being in process to be silicide. Metal oxides are abundant and detrital quartz crystals are observed (Sánchez de la Torre 2015).
The Montsaunès-Buala cherts are inserted in the Nankin limestones dating from the Middle Maastrichtian and outcropping in the ancient quarry of Montsaunès (Haute-Garonne, France) (Séronie-Vivien et al. 2006 ) and the ancient quarry of Buala, near the town of Montgaillard (Hautes-Pyrénées, France) (Sánchez de la Torre et al. 2017a ). The micropalaeontological content of these limestones is rich in an association of classical benthic Maastrichtian foraminifera was identified (Bilotte and Andreu 2006) . Cherts possess beige to brown colours with a micropalaeontological content represented by sponge spicules and small foraminifera. In a few samples, some Maastrichtian bentic foraminifera were observed. In thin sections, a criptoquartz mosaic is the main texture, and in a few average length-fast chalcedony appears. Siliceous sponge spicules are also recognised. Carbonate components are repreented by micrite and bioclastic elements in process to be completely silicified.
Cherts possessing similar characteristics as the three previously described outcrops have been recognised in the archaeological record of the Magdalenian levels from Cova del Parco (Alòs de Balaguer, Spain), Forcas I Shelter (Graus, Spain) and Montlleó open-air site (Prats i Sansor, Spain), with radiocarbon dates from the 13,700 to the 18,800 cal BP (Utrilla and Mazo 2007; Mangado et al. 2010b ).
Cova del Parco site (Alòs de Balaguer, Spain) is an archaeological site located in southern Pyrenees, in the Segre river valley at 420 m asl, in a sheltered area, with a human occupation from the Palaeolithic to the Bronze Age (Mangado et al. 2015a (Mangado et al. , 2010a Fullola et al. 2012; Mangado et al. 2014) . Excavation works started in the 1980s by a team from the University of Barcelona and are still in process. Samples studied come from the Magdalenian levels. The Magdalenian period is well represented in the site, with several levels going from the Middle to the Late Upper Magdalenian (Fullola et al. 2012; Mangado et al. 2014 Mangado et al. , 2015a Forcas I Shelter (Graus, Spain) is located in the eastern province of Huesca, near the Ésera river, tributary of the Cinca river. Discovered by chance in 1990, the site was 90% destroyed due to gravel exploitation in the area. The site was excavated by a team from the University of Zaragoza. The shelter was occupied repeatedly since the Magdalenian to the Early Mesolithic. Samples studied come from the Magdalenian levels. This period is also well documented in the site, with some occupations from the Lower Magdalenian, dated in 17,356-17,856 cal BP and the Upper Magdalenian, dated in 14,657-15,253 and 14,378-15,018 cal BP (Utrilla and Mazo 2007; Utrilla and Mazo 2014) .
The open-air site of Montlleó (Prats i Sansor, Spain) is located in the Cerdanya valley, in the high river Segre valley, in a croassroad for human circulation in the Eastern Pyrenees. The site was discovered in 1998 and is still under excavation by a team from the University of Barcelona. Several occupations from the Upper Palaeolithic have been recognised until now. Samples studied here come from the Lower Magdalenian levels, that have been dated in 18,247-18,822, 18585-19,058 and 19,852-20,416 cal BP (Fullola et al. 2012; Mangado et al. 2015b; de la Torre and Llach 2016) .
In this paper, we first present a compositional analysis of the three geological sources and a selection of artefacts from the three archaeological sites (Fig. 1) . As first geochemical analyses were already done and had shown some differences between outcrops regarding some trace elements (Sánchez de la Torre et al. 2017a; , the main goal was to determine where trace elements were placed-within the matrix or in a specific inclusion-, as a means of then being able to detect differences or similarities between specific geological products and artefact raw materials. The most suitable analytical method to achieve the planned goals was Particle Induced X-Ray Emission (PIXE), as it allows obtaining surface analysis and elemental mapping non-destructively.
Study

Sample collection and preparation
Sixty-nine pieces of chert were selected for the analysis. Forty-nine were geological products from Montsaunès (n = 20), Montgaillard (n = 19) and Buala (n = 10), while 20 were artefacts from the three sites of Cova del Parco (n = 9), Montlleó (n = 6) and the Forcas I Shelter (n = 5). All of them had previously been characterised by their texture and micropalaeontological content and defined as originated in a marine content, possessing identical features as the observed in the geological cherts from the Central Pyrenees.
To avoid the influence of surface alterations/geochemical weathering, geological samples were prepared in squares of 5 mm × 5 mm having first removed the cortical surface and then polished. However, as it was our aim to also analyse archaeological artefacts in a non-destructive mode, one of the geological samples was analysed without any surface preparation. Results were similar to those obtained for the other geological samples.
Analysis
The analytical quantification of cherts was carried out using the particle induced X-ray emission (PIXE) method with a focused beam, i.e. micro-PIXE. The micro-PIXE measurements were performed at the scanning nuclear microprobe installed on the 0°beamline of the 5 MV Van de Graaff accelerator of MTA Atomki (Debrecen, Hungary) (Rajta et al. 1996) .
A proton beam of 3.2 MeV energy focused down to4 μm × 4 μm with a current of 50-100 pA was applied to irradiate the samples. With the relatively low beam current, the charging up of the samples could be avoided. The scan size was 1 mm × 1 mm. On each sample, 2-4 areas of 1 mm 2 were measured. At first, elemental maps and summed up X-ray spectra on the full 1 mm × 1 mm area were recorded. If Fig. 1 Location of the chert outcrops and the archaeological sites studied in this paper inhomogeneities were present, e.g. microfossils or mineral inclusions, the scan size and thus the scan area was reduced in order to see these patterns better, and additional measurements were made on the inclusion itself using the selected raster mode. The typical size of these inclusions was in the range of 30-100 μm. For each measurement, the accumulated charge was 0.1-0.15 μC.
For the PIXE measurements, two X-ray detectors placed at 135°geometry relative to the incident beam were applied to collect the emitted characteristic X-rays. An SDD detector with AP.3 ultra-thin polymer window (SGX Sensortech) with 30 mm 2 active surface area was used to measure low and medium energy X-rays (0.2-12 keV, Z > 5). A permanent magnet protects the detector from the scattered protons. A Gresham type Be windowed Si(Li) X-ray detector with 30 mm 2 active surface area equipped with an additional kapton filter of 125 μm thickness was applied to detect the medium and high energy X-rays (3-30 keV, Z < 19). The limit of detection (LOD) values decreased from 300 to 30 ppm in the range of Na to Ca, and for the trace elements, the LOD varied from 10 to 50 ppm, which are typical for this arrangement (Uzonvi et al. 2001 ). The accumulated charge was monitored with a beam chopper. Detailed description of the measurement setup can be found in (Kertész et al. 2009 ).
Signals from all detectors (two PIXE and the particle detector of the chopper) were recorded event by event in list mode by the Oxford type OMDAQ2007 data acquisition system (Grime and Dawson 1995) . PIXE spectra with better resolution and lower dead time were recorded parallel to this with the SGX DX200 digital DPP.
The obtained PIXE spectra were evaluated with the GUPIXWIN software (Campbell et al. 2010) to determine the elemental composition of the samples. At first, the composition of the matrix was calculated from the spectrum of the SDD detector using the iterative matrix solution method, and then the spectrum of the Be windowed detector was analysed in trace element mode, using the previously obtained matrix and the measured irradiation dose. The X-ray energy range of 3.0-8.5 keV is common for the two PIXE detectors, therefore intensive X-ray lines within this range (e.g. Ca Kα, Ti Kα, Fe Kα) were used to normalise the elemental concentrations.
Analyses of reference materials were carried out in the beginning and at the end of the measurement campaign in order to check the accuracy of the dose measurement and of the precision of the PIXE system. The following standards were used: NIST SRM 610 glass, Corning reference archaeological glasses A and a series of pure metal foils by Advent Research Materials Ltd. with 50 μm thickness (Ti, Fe, Ni, Zn, Pb, Sn, Cd, Zr). The calibration of the beam chopper was also done at the beginning and at the end of the campaign. These measurements served also for the determination of the exact measurement conditions (e-g-geometry, solid angles of detectors, absorbent thickness).
Elemental maps were obtained from all the analysed samples, both from the whole area analysed (1000 × 1000 μm; Full area -full in the raw data-) and the specific area of analysis (100 × 100 μm; specific area -Ca, Ti, Fe, K or Zr in the raw data-) and analysed in detail just to determine the existent relation between elements and the place they occupied in the cherts (matrix or specific inclusion content).
Results and discussion
Statistical analysis for the full area measurements
For the full area data, principal component analysis (PCA) using the correlation matrix was applied. PCA with the Fig. 2 Plot of the first and second principal component correlation matrix standardises the data, so elements which are more abundant do not dominate the analysis. Some elements (V, Cu, Ga, Ge, As, Zr, Hf, Pt) were below detection limits in more than 50% of all cases. These elements were excluded from the statistical analysis. Applying PCA, a good degree of separation between samples from the three geological sources and artefacts from the three archaeological sites was found.
The principal component analysis revealed that 71.95% of the cumulative variance in the investigated specimens can be explained by four principal components. To distinguish between the sites, Varimax rotation was found to be helpful. Figure 2 shows the plots of the first two components which cover 49.39% of the total variance. Component 1 (32.13% of total variance) containing primarily the following elements (Fig. 2) . Figure 3 shows the other two components from the principal component analysis. Component 3 (13.22% of total variance) is constructed of S (0.828), Na (0.623) and Cl (0.630), increasing to the top, while component 4 (9.34% of total variance) contains Ca (0.832) and Sr (0.832), growing horizontally. Although we can find higher Ca and Sr content in the Montgalliard geological samples, they are only slighly different from those of the Montaunès source; PC3 and PC4 cannot be sufficiently used for separation. We can conclude that in the case of the investigated materials, the first two components (PC1 and PC2) can be used to assess the dissimilarities, while PC3 and PC4 are not useful for detecting differences between sources and archaeological materials (Fig. 3) .
Correlations of the elements in selected areas
To confirm the results of the PCA performed on the full areas, correlations of the different elements on the selected areas were also assessed, as cherts are characterised not only by their matrices but also by their inclusions. Since the number of cases for some specific elements was low, we present here the distribution independent Spearman rank correlation coefficients. In the case of the artefacts from the Forcas I Shelter, Ti-inclusions containing detectable Nb, with good positive correlations (r = 0.85, p < 0.05) between these elements were found (Fig. 4) . Moreover, for the Parco artefacts Ti-inclusions contain a detectable amount of Zr, Nb and Pb while Zr, Nb and Hf in the Montlleó tools. In addition, Ca-and Ti-inclusions in Parco and Forcas tools show a higher Mg concentration. In the case of Forcas I Shelter, Ca- and Ti-inclusions, as well as a strong Mg-Al correlation (r = 0.90, p < 0.05) were found (Fig. 5) .
Co and Ni are represented in greater concentrations in the Buala Fe-inclusions. Fe-inclusions with strong Fe-Co correlation were found in Buala (r = 0.78, p < 0.05) and in Parco (r = 0.90, p < 0.05) materials (Fig. 6) .
A higher concentration of Ca mostly appears in the Montgalliard cherts. K-inclusions were identified in the Montlleó, Parco and Montsaunès materials which contain high amounts of Na, while Rb levels are also detectable. Finally, the Montsaunès Zr-inclusions contain detectable traces of Hf and W, with a strong positive correlation (r ≥ 0.7, p < 0.05) between these elements.
The associations indicated by the correlation coefficients were also checked in the elemental maps acquired during the analysis. The distributions of elements on these maps clearly confirm the correlation results, mostly identifying some trace elements only in specific inclusions (Fig. 7, Table 1 ).
Concerning the elemental mapping distribution, some interesting results have been found. While several elements seem to be directly related with the main Si matrix (e.g. K, Al, Mg), other appear usually associated to the inclusion content (e.g. Ca, Fe, Ti or Zr). Moreover, the analysis of mapping distribution has also demonstrated that other elements are mostly associated with a specific type of inclusion, as is the case of Sr, mostly related with Ca inclusions, or Hf, mostly appearing within Zr or Ti inclusions, as the case presented in Fig. 7 . The fact that some elements appear to be related to a specific inclusion content and not to the main silica matrix could be explained by the presence of some mineral inclusions, but more specific studies combining mineralogical and elemental approaches have to been developped to verify these hypotheses.
Conclusions
The analysis of prehistoric chert artefacts and their comparison with geological chert samples from different Pyrenean outcrops has demonstrated the potential of PIXE analyses for chert sourcing studies, and has provided new data about prehistoric raw materials procurement.
The use of PIXE to determine major, minor and trace elements present in chert artefacts combined with statistical analysis has given some interesting data concerning the existent relation between artefact raw materials and geological samples. Through reference to the PCA graphs, a clear relationship has been established between Parco archaeological tools and some of Montlleó artefacts with the geological cherts outcropping in Montsaunès and Montgaillard. However, the chemical signature of the artefacts from Forcas I Shelter, and some of those from the Montlleó site, do not match with any of the studied geological outcrops, indicating that other, Table 1 Quantitative results (in ppm) for MO-36 sample. It is specified if the analysis concerns the full area (Full; 1000 × 1000 μm) or an inclusion area (Ti; 100 × 100 μm). The analytical uncertainty is 2-5 relative% for major elements and 5-20 relative% for minor and trace elements currently unknown, outcrops were used by these Upper Palaeolithic groups. Moreover, in addition to the fact that the analysis is done in a non-destructive mode, which is essential when studying cultural material, the possibility to carry out elemental mapping during data acquisition is another advantage of PIXE, as it possible to establish whether the elements appear to be related to the general silica matrix or to a specific inclusion. Next step will be the development of some mineralogical analyses with the aim to determine which minerals are present in the samples and thus, to obtain another parameter to relate archaeological cherts with geological samples.
As some of the analysed artefacts' elemental profiles do not fit those of the known geological source materials, the next step will be to undertake new fieldwork to locate the missing chert outcrops.
